Hydrogen peroxide inhibits non-small cell lung cancer cell anoikis through the inhibition of caveolin-1 degradation TO APPROACH THE EFFICIENT prevention and treatment strategies for metastatic cancers, efforts have been made to identify key mechanisms involved in the metastatic process. Metastasis, a spread of cancer cells to secondary sites, is a major cause of cancer-related death which frequently occurs in lung cancer patients (20) . To metastasize, tumor cells must have an ability to overcome anoikis or apoptosis induced by loss of cell adhesion (16) . Although the mechanisms by which cancer cells resist anoikis are not well understood, it is generally accepted that defects in apoptosis machineries and/or stimulation of alternative survival signals [i.e., non-extracellular matrix (ECM)] are involved (17) . Recently, the role of caveolin-1 (Cav-1) in the regulation of cancer progression and metastasis has gained increasing attention. Cav-1 is an essential protein constituent of the plasma membrane caveolae and a key regulator of caveolae-dependent signaling and endocytosis. It is a member of a gene family that includes three genes, namely caveolin-1, -2, and -3, all of which encode 20-to 24-kDa proteins (57) . It has been proposed that caveolin family members function as scaffolding proteins (45) to organize and concentrate specific lipids (cholesterol and glycosphingolipids) (15, 33, 39) and lipid-modified signaling molecules (Src-like kinases, H-Ras, endothelial nitric oxide synthase, and G proteins within caveolae membranes) (18, 31, 32, 47, 48) . In addition, Cav-1 interacts with and modulates multiple signaling pathways, suggesting that Cav-1 may exert a prosurvival action (12, 14, 43) . Several investigators have reported that Cav-1 expression is upregulated in several human cancers, including lung, breast, prostate, and pancreas cancers, and that this upregulation is associated with a high degree of metastasis and cancer progression (22, 40, 49, 53, 58) . Cav-1 expression was shown to be elevated in multidrug-resistant non-small cell lung cancer (NSCLC) (28, 29, 46) . In lung carcinoma, Cav-1 expression was shown to be associated with metastatic and invasive capacity of the tumor (9, 22) . Thus far, several mechanisms of Cav-1-mediated cancer progression and metastasis have been proposed, which include promotion of cancer cell survival (53) , migration, and invasion (22) . Under pathological conditions of cancer, many reactive oxygen species (ROS) are upregulated and are associated with the aggressive behavior of cancer cells. However, the role of ROS in cancer cell metastasis and its regulation are largely unknown. Previous studies have shown that, depending on the molecular background of cells and tissues, the location of ROS production, and the amount and persistence of individual ROS, these oxidative species can have both promoting (4, 23, 41) and inhibitory (35) effects on cancer cell metastasis. While ROS have been shown to induce apoptosis of various cell types, treatment of mammalian carcinoma cells with hydrogen peroxide (H 2 O 2 ) before intravenous injection into mice resulted in enhanced lung metastasis (27) , suggesting the prosurvival and prometastatic role of H 2 O 2 in certain forms of cancer.
In this study, we investigated the role of ROS in anoikis and Cav-1 regulation in human lung carcinoma H460 cells. Using molecular and pharmacological approaches, we demonstrate that ROS play an important role in Cav-1 regulation and survival of lung cancer cells after detachment. Multiple ROS are generated during cell detachment with each playing a distinctive role in regulating Cav-1 expression and cell anoikis. H 2 O 2 inhibits Cav-1 downregulation and anoikis induced by cell detachment, whereas superoxide anion and hydroxyl radical promote these effects. We also show that downregulation of Cav-1 by cell detachment is mediated primarily by proteasomal degradation and H 2 O 2 inhibits this degradation by preventing protein ubiquitination. Our findings reveal the existence of a novel mechanism of anoikis regulation by ROS through Cav-1 stabilization, which could be important in the understanding of anoikis resistance in metastatic cancers.
MATERIALS AND METHODS
Cells and reagents. NSCLC-H460 cells were obtained from the American Type Culture Collection (Manassas, VA). Cells were cultured in RPMI 1640 medium containing 5% fetal bovine serum (FBS), 2 mM L-glutamine, and 100 U/ml penicillin-streptomycin in a 5% CO 2 environment at 37°C. N-acetylcysteine (NAC), H2O2, catalase (CAT), Mn(III)tetrakis(4-benzoic acid)porphyrin chloride (MnTBAP), sodium formate (NaF), ferrous sulfate (FeSO 4), 2,3-dimethoxy-1-naphthoquinone (DMNQ), lactacystin (LAC), concanamycin A (CMA), 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT), and annexin V-fluorescein isothiocyanate (FITC) were obtained from Sigma Chemical (St. Louis, MO). Propidium iodide (PI), 2=,7=-dichlorofluorescein diacetate (DCFH-DA), and Hoechst 33342 were obtained from Molecular Probes (Eugene, OR). Antibody for Cav-1 and peroxidase-conjugated secondary antibody were obtained from Abcam (Cambridge, MA). Antibodies for ubiquitin, protein A-agarose bead, and anti-␤-actin were from Santa Cruz Biotechnology (Santa Cruz, CA). The transfecting agent Lipofectamine 2000 was obtained from Invitrogen (Carlsbad, CA).
Plasmids and transfection. The Cav-1 expression plasmid pEX_Cav-1 was acquired from the American Type Culture Collection, and Cav-1 knockdown plasmid short hairpin (sh)RNA-Cav-1 was obtained from Santa Cruz Biotechnology. Stable transfections of Cav-1 expression plasmid or Cav-1 knockdown plasmid were generated by culturing H460 cells in a six-well plate until they reached 60% confluence. Fifteen microliters of Lipofectamine reagent and 2 g of Cav-1, shRNA-Cav-1, or mock pcDNA3 control plasmid were used to transfect the cells in the absence of serum. After 12 h the medium was replaced with culture medium containing 5% FBS. Approximately 36 h after the beginning of transfection, the cells were digested with 0.03% trypsin, and the cell suspensions were plated onto 75-ml culture flasks and cultured for 24 to 28 days with G418 selection (600 g/ml). The stable transfectants were pooled, and the expression of Cav-1 protein in the transfectants was confirmed by Western blotting. The cells were cultured in antibiotic-free RPMI 1640 medium for at least two passages before use in each experiment.
ROS detection. Intracellular ROS were determined by flow cytometry using DCFH-DA as a fluorescent probe. Briefly, cells were incubated with 10 M DCFH-DA for 30 min at 37°C, after which they were washed, trypsinized, resuspended in phosphate-buffered saline, and immediately analyzed for fluorescence intensity by FACScan flow cytometer (Beckton Dickinson, Rutherford, NJ) using a 488-nm excitation beam and a 538-nm band-pass filter. Median fluorescence intensity was quantified by CellQuest software (Becton Dickinson) analysis of the recorded histograms. Anoikis assay. To prevent cell adhesion, tissue culture six-well plates were coated with 200 l (6 mg/ml in 95% ethanol) of poly(2-hydroxyethylmethacrylate) (poly-HEMA; Sigma) and left to evaporate overnight in a laminar flow hood at room temperature. Adherent H460 cells in culture plates were trypsinized into a single-cell suspension in RPMI medium and then seeded in poly-HEMA-coated plates at a density of 1 ϫ 10 5 cells/ml. Suspended cells were incubated at 37°C for various times up to 24 h. Cells were harvested, washed, and stained with annexin V-FITC and PI, then analyzed for fluorescence intensity by fluorescence microscopy. For Hoechst 33342 apoptosis assay, cells were incubated with 10 M of the Hoechst dye for 30 min at 37°C. The apoptotic cells having condensed chromatin and/or fragmented nuclei were visualized and scored under a fluorescence microscope (Olympus IX51 with DP70). For cell survival assay, cells were similarly treated, harvested, washed, and incubated with 20 M XTT for 4 h at 37°C. Optical density was then determined by V-max photometer (Molecular Devices, Menlo Park, CA) at a wavelength of 450 nm.
Western blot analysis. After specific treatments, cells were incubated in lysis buffer containing 20 mM Tris·HCl (pH 7.5), 1% Triton X-100, 150 mM sodium chloride, 10% glycerol, 1 mM sodium orthovanadate, 50 mM sodium fluoride, 100 mM phenylmethylsulfonyl fluoride, and a commercial protease inhibitor cocktail (Roche Molecular Biochemicals) for 30 min on ice. Cell lysates were collected and determined for protein content using the Bradford method (Bio-Rad, Hercules, CA). Equal amount of proteins of each sample (40 g) were denatured by heating at 95°C for 5 min with Laemmli loading buffer and were subsequently loaded on 10% SDS-polyacrylamide gel electrophoresis (PAGE). After separation, proteins were transferred onto 0.45-m nitrocellulose membranes (Bio-Rad). The transferred membranes were blocked for 1 h in 5% nonfat dry milk in TBST [25 mM Tris·HCl (pH 7.5), 125 mM NaCl, 0.05% Tween 20] and incubated with the appropriate primary antibodies at 4°C overnight. Membranes were washed twice with TBST for 10 min and incubated with horseradish peroxidase-coupled isotype-specific secondary antibodies for 1 h at room temperature. The immune complexes were detected by enhanced chemiluminescence substrate (Supersignal West Pico; Pierce) and quantified using analyst/PC densitometry software (Bio-Rad).
Immunoprecipitation. Cells were washed after treatments and lysed in lysis buffer at 4°C for 20 min. After centrifugation at 14,000 g for 15 min at 4°C, the supernatants were collected and determined for protein content. Cell lysates were normalized and equal amounts of protein per sample (60 g) were incubated with anti-Cav-1 antibody conjugated to protein G plus-agarose beads (Santa Cruz) for 6 h at 4°C. The immune complexes were washed five times with ice-cold lysis buffer, resuspended in 2ϫ Laemmli sample buffer, and boiled at 95°C for 5 min. Immune complexes were separated by 10% SDS-PAGE and analyzed by Western blotting as described above.
Colony formation assay. Anchorage-independent growth was determined by colony formation assay in soft agar as described by Koleske et al. (26) with minor modifications. Briefly, H460 cells from six-well plate monolayer cultures were prepared into a single-cell suspension by treatment with a mixture of 350 l trypsin and 1.5 mM EDTA. Cells were suspended in RPMI containing 10% FBS and 0.33% low melting temperature agarose, then 2 ml containing 2 ϫ 10 4 cells were plated in a 35-mm dish over a 3-ml layer of solidified RPMI-10% FBS-0.6% agarose. The cells were fed every 3 days by adding 200 l of RPMI-10% FBS. Colonies were assayed by Trypan blue staining and photographed at ϫ10 magnification after 2 wk.
Statistical analysis. Mean densitometry data from independent experiments were normalized to the results in cells in the control. The data are presented as means Ϯ SD from three or more independent experiments and were analyzed by the Student's t-test at a significance level of P Ͻ 0.05.
RESULTS

Cell detachment induces lung carcinoma H460 cell apoptosis.
We first characterized detachment-induced apoptosis of human lung carcinoma H460 cells by detaching and incubating the cells in adhesion-resistant poly-HEMA-coated plates for various times (0 -24 h) and analyzed for cell viability using XTT assay. Figure 1A shows that cell detachment caused a timedependent decrease in cell survival with ϳ60% and ϳ30% of the cells remaining viable after 6 and 24 h, respectively. Control experiments showed that adherent cells in normal tissue culture plates exhibited no significant change in cell viability during the test period (data not shown). Analysis of cell apoptosis by Hoechst 33342 assay further showed that the decrease in cell survival after detachment was mainly due to anoikis, as indicated by the increase in number of cells with intense nuclear fluorescence and chromatin condensation. Apoptosis was detected as early as 6 h (ϳ15%) after cell detachment and reached ϳ68% at 24 h (Fig. 1, B and C) . Confirmation studies using annexin V-FITC and PI as probes for apoptosis and necrosis, respectively, further showed an increase in annexin V-positive cells over time after detachment, whereas PI-positive cells were not observed during this period (Fig.  1D) . These results indicate anoikis as the primary mode of cell death after detachment of H460 cells.
Cav-1 inhibits detachment-induced cell death in H460 cells. Cav-1 has been suggested to play a role in anoikis regulation in different cell types (6, 44) . To provide supporting evidence for the role of Cav-1 in cell anoikis, we evaluated the expression profile of Cav-1 after cell detachment in H460 cells. Detached Fig. 3 . Effects of cell detachment on cellular reactive oxygen species (ROS) levels. A: H460 cells were detached, and intracellular ROS levels were then measured by flow cytometry analysis using 2=,7=-dichlorofluorescein diacetate (DCFH-DA) at indicated time points (0 -24 h). B: detached H460 cells were left untreated or treated with the specific ROS scavengers sodium formate (NaF; 5 mM), N-acetylcysteine (NAC; 10 mM), Mn(III)tetrakis(4-benzoic acid)porphyrin chloride (MnTBAP; 100 M), and catalase (CAT; 1,000 U/ml). Levels of intracellular ROS levels were analyzed at 3 h after detachment (time at peak ROS production) by fluorescence microscopy and flow cytometry using the fluorescent probe DCFH-DA. Columns are means Ϯ SD (n ϭ 3). *P Ͻ 0.05 vs. control at detachment time ϭ 0 h. Figure 2A shows that detachment of the cells caused a gradual decrease in Cav-1 protein expression over time. To test whether Cav-1 expression might determine cell death and survival after detachment, we stably transfected the cells with Cav-1, shRNA Cav-1, or control plasmid and evaluated their effect on cell anoikis. Western blot analysis of Cav-1 expression showed a substantial increase in Cav-1 protein level in Cav-1-transfected cells, whereas a significant decrease in Cav-1 level was observed in shRNA-Cav-1-transfected cells as compared with control-transfected cells (Fig. 2B) . The Cav-1-transfected cells exhibited less anoikis than the control cells as indicated by their higher survival rate after cell detachment, whereas shRNA-Cav-1-transfected cells showed a lower percentage of cell survival over time as compared with control cells (Fig. 2C) . At 12 h postdetachment, Cav-1-transfected cells showed ϳ20% reduction in cell survival compared with nondetached cells. In contrast, shRNA-Cav-1 cells exhibited ϳ80% reduction in cell survival compared with control-transfected cells exhibiting ϳ60% reduction. Western blot analysis of Cav-1 levels in H460 and its Cav-1-overexpressing counterpart was performed over time, and the results indicated that cell detachment resulted in a gradual decrease of Cav-1 in both cells. Notably, the remaining levels of Cav-1 in H460/Cav-1 cells were significantly higher than those of H460 cells, and the sustained protein level correlated well with the cell survival after detachment. These results indicate that Cav-1 plays a negative regulatory role in cell anoikis.
Cell detachment induces ROS generation. ROS have been shown to regulate apoptosis in many cell systems; however, their role in anoikis and Cav-1 regulation is largely unknown. We analyzed cellular ROS following cell detachment by flow cytometry using DCFH-DA as a fluorescent probe. Figure 3A shows that cell detachment induced an increase in cellular ROS in a time-dependent manner. A significant increase of cellular ROS level was observed as early as 1 h after detachment and peaked at 3 h, where it subsequently declined, which is likely due to cell death. To identify the specific ROS generated during cell detachment, detached cells were treated with various known ROS scavengers, including MnTBAP (superoxide anion scavenger), CAT (H 2 O 2 scavenger), NaF (hydroxyl radical scavenger), and NAC (general antioxidant and precursor of glutathione), and cellular ROS levels were determined by flow cytometry and fluorescence microscopy using DCFH-DA as an oxidative probe. Figure 3B shows that treatment of the cells Fig. 4 . Effect of ROS scavengers on cell anoikis and Cav-1 regulation. H460 and H460/Cav-1 cells were detached and left untreated or treated with the specific ROS scavengers NaF (5 mM), NAC (10 mM), MnTBAP (100 M), and CAT (1,000 U/ml). A and B: viability of detached H460 cells and H460/Cav-1 cells was determined by XTT assay, respectively. C and D: Western blot analysis of Cav-1 expression of detached H460 cells and H460/Cav-1 cells, respectively. Cells were left untreated or treated with specific ROS scavengers NaF, NAC, MnTBAP, and CAT for 6 h after detachment. Cell extracts were prepared and separated on 10% polyacrylamide-SDS gels, transferred, and probed with Cav-1 antibody. ␤-Actin was used as a loading control. Columns are means Ϯ SD (n ϭ 3). *P Ͻ 0.05 vs. nontreated control of each cell type. with CAT, NaF, or NAC inhibited the cellular fluorescence intensity, whereas MnTBAP had no inhibitory effect. These results suggest that H 2 O 2 and hydroxyl radical are the primary ROS generated after cell detachment.
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Effect of ROS on cell anoikis. Having demonstrated the generation of ROS after cell detachment, we next determined the role of specific ROS in the regulation of cell anoikis. Detached cells were treated with specific ROS scavengers as earlier described, and cell viability was determined by XTT assay. Figure 4A shows that treatment of the cells with CAT or NAC decreased cell viability as compared with nontreated control, whereas treatment with MnTBAP or NaF had no significant effect. These results indicate that H 2 O 2 is the primary oxidative species regulating anoikis of H460 cells after detachment, which is supported by our subsequent H 2 O 2 exposure studies. The ability of NAC to enhance cell anoikis may be attributed to its antioxidant activity against H 2 O 2 through glutathione-dependent mechanism (2). The regulatory role of H 2 O 2 in anoikis was confirmed by studies using Cav-1 overexpressing (H460/Cav-1) cells earlier described. Figure 4B shows that treatment of the H460/Cav-1 cells with CAT or NAC, but not MnTBAP or NaF, had a similar inhibitory effect on cell viability, although the magnitude of reduction was less pronounced than that in normal H460 cells due to the increased expression of Cav-1.
Effect of ROS on caveolin-1 expression. Because both ROS and Cav-1 affected cell anoikis, we tested whether ROS regulate anoikis through Cav-1. H460 and H460/Cav-1 cells were detached and suspended in poly-HEMA-coated plates in the presence or absence of specific ROS scavengers, and Cav-1 expression was determined by Western blotting. Figure 4 , C and D, shows that CAT and NAC were able to decrease Cav-1 expression in both H460 and H460/Cav-1 cells, whereas NaF and MnTBAP had minimal effect. The downregulating effect of CAT and NAC was more pronounced in H460 cells than in H460/Cav-1 cells. These results indicate the role of H 2 O 2 as a key regulator of Cav-1 expression which presents a key mechanism of anoikis regulation after cell detachment.
H 2 O 2 attenuates detachment-induced caveolin-1 proteasomal degradation. Degradation of Cav-1 by proteasomes has been shown to be the primary mechanism of Cav-1 downregulation by cell detachment (9) . We tested whether CAT and NAC downregulated Cav-1 expression through this pathway. Detached H460 cells were treated with CAT or NAC in the presence or absence of a specific proteasome inhibitor, LAC, or lysosome inhibitor, CMA, and Cav-1 protein expression was determined by Western blotting. Figure 5 , A and B, shows that the downregulating effect of CAT and NAC on Cav-1 expression was inhibited by LAC but not CMA, suggesting that the effect of CAT and NAC was through proteasomal degradation and not lysosomal degradation. Since proteasomal degradation of a protein is triggered by protein ubiquitination, we studied the effect of CAT and NAC on Cav-1 ubiquitination after cell detachment. Cells were detached and suspended in poly-HEMA-coated plates in the presence or absence of CAT or NAC for various times, and cell lysates were prepared and immunoprecipitated with anti-Cav-1 antibody. The resulting immune complexes were then analyzed for ubiquitination by Western blotting using anti-ubiquitin antibody. The results showed that Cav-1 was rapidly ubiquitinated as early as 1 h and peaked at about 3 h after cell detachment (Fig. 5C) Western blot analysis of Cav-1 expression of detached H460 cells after cells were left untreated or treated with specific ROS scavengers DMNQ, FeSO4, and H2O2. Cell extracts were prepared and analyzed for Cav-1 protein expression by Western blotting. Blots were reprobed with ␤-actin antibody to confirm equal loading of samples. The immunoblot signals were quantified by densitometry, and mean data from independent experiments were normalized to the results in control cells. C: detached H460 cells were untreated or treated with DMNQ, FeSO4, or H2O2 in poly-HEMA-coated plates for 3 h (time at high Ub-Cav-1 complex), and cells lysates were then prepared and immunoprecipitated with anti-Cav-1 antibody. The resulting immune complexes were then analyzed for ubiquitin by Western blotting. Maximum ubiquitination of Cav-1 was observed at ϳ3 h after cell detachment. Lysate input was determined by probing with ␤-actin. The immunoblot signals were quantified by densitometry, and mean data from independent experiments were normalized to the results obtained in cells in the absence of treatment (control). Columns are means Ϯ SD (n ϭ 3). *P Ͻ 0.05 vs. nontreated control cells. Fig. 7 . H2O2 inhibits detachment-induced anoikis and Cav-1 downregulation through ubiquitination pathway. The cells were detached and untreated or treated with H2O2 (10, 25, and 50 M) in poly-HEMA-coated plates for 6 h. A: cell survival was determined by XTT assay. B: cell lysates were prepared and analyzed for Cav-1 expression. Blots were reprobed with ␤-actin antibody to confirm equal loading of samples. Densitometry was performed to determine the relative level of Cav-1 protein. C: cell lysates were immunoprecipitated with Cav-1 antibody, and the immune complexes were analyzed for ubiquitin by Western blotting. Analysis of ubiquitin was performed after 3 h treatment of H2O2, where ubiquitin was found to be maximal. The immunoblot signals were quantified by densitometry, and mean data from independent experiments were normalized to the results obtained in cells in the absence of H2O2 (control). Columns are means Ϯ SD (n ϭ 3). *P Ͻ 0.05 vs. nontreated control cells.
anoikis was determined by XTT assay. Figure 6A shows that treatment of the cells with DMNQ or FeSO 4 had no effect on cell viability, whereas treatment with H 2 O 2 significantly increased cell viability. We also investigated the effect of ROS generators on Cav-1 expression. Figure 6B shows that H 2 O 2 was able to increase the expression of Cav-1, whereas DMNQ and FeSO 4 had no significant effect. These results are consistent with the anoikis data and indicate the role of H 2 O 2 as a positive regulator of Cav-1 and suppressor of cell anoikis. To determine whether exogenous H 2 O 2 increased Cav-1 expression through inhibition of ubiquitin-proteasomal degradation, cells were treated with H 2 O 2 and analyzed for Cav-1 ubiquitination by immunoprecipitation and blotting. Parallel studies were also performed with DMNQ and FeSO 4 . The results show that H 2 O 2 , but not DMNQ or FeSO 4 , inhibited Cav-1 ubiquitination (Fig. 6C) . The role of H 2 O 2 as a regulator of anoikis and Cav-1 expression was further demonstrated by the dose-dependent effects of H 2 O 2 on cell viability (Fig. 7A) , Cav-1 expression (Fig. 7B) , and Cav-1 ubiquitination (Fig. 7C) . Together, these results strongly support the earlier findings on the inhibitory role of H 2 O 2 in cell anoikis through inhibition of Cav-1 ubiquitination and degradation.
H 2 O 2 and Cav-1 expression enhance anchorage-independent growth of H460 cells. Anchorage-independent growth is a key characteristic of metastatic cancer cells. To test whether H 2 O 2 could promote anchorage-independent growth, H460 cells were subjected to soft agar assay as described in MATERI-ALS AND METHODS for 2 wk and cell colony was determined by microscopy. Figure 8 shows that H460 cells have the ability to survive and grow under anchorage-independent conditions and that treatment of the cells with H 2 O 2 resulted in increased cell growth as indicated by the formation of large cell colonies. In contrast, treatment of the cells with CAT resulted in much smaller colonies, and most of the cells in the colonies were dead as determined by Trypan blue exclusion assay. These results indicate that H 2 O 2 is required for anchorage-independent growth of H460 cells. In addition, the effect of Cav-1 on anchorage-independent growth of H460 cells was determined.
Our results indicate that Cav-1 overexpressing cells have a higher ability to survive and grow in anchorage-independent condition as compared with H460 control cells, whereas the shRNA-Cav-1 cells exhibited a substantial decrease in the size and number of colonies formed.
DISCUSSION
Cellular interaction with adjacent cells or ECM provides an important signaling mechanism that regulates and maintains cell survival. Under normal conditions, detachment of cells from the ECM initiates an apoptotic process; however, some cancer cells possess an ability to overcome this process, resulting in sustaining their survival until they reach the new sites and form secondary tumors. Understanding the mechanisms by which cancer cells evade anoikis could lead to the development of novel therapeutic strategies for metastatic cancers. Among a number of factors affecting cancer cell behaviors, the ROS presenting in the tumor microenvironment have garnered increasing attention not only because they are reported to be upregulated in tumor cells and their microenvironment (5, 50) but also because they have been shown to be crucial regulators of cell growth and survival in many systems (7, 24, 25) . The specific cellular responses to ROS are dependent on the type of ROS generated as well as their source, concentration, localization, and kinetics of production and elimination (13, 52) . The alteration in cellular ROS during cell detachment is still largely unknown and we report here that several ROS are upregulated after cell detachment in lung carcinoma H460 cells. Two of the key ROS generated in these cells after their detachment are H 2 O 2 and hydroxyl radical, with the former playing a major role in anoikis.
Increased ROS generation and oxidative stress has been implicated in the development of many human metastatic cancers including lung (10, 37) , breast (4), prostate (34) , colon (50) , and ovary (21) . Likewise, increased expression of Cav-1 has been associated with the advanced stage of metastatic tumors and poor survival of cancer patients (8, 38, 59) . In lung adenocarcinoma, Cav-1 upregulation has been reported to enhance metastasis and invasive capacity of the cells (22) . In human breast cancer, Cav-1 expression was shown to enhance matrix-independent cell survival through the upregulation of insulin-like growth factor receptor and signaling (14, 44) . Moreover, Cav-1 overexpression has been demonstrated to mediate cell survival by sustaining Akt activation (30) . In addition, prostate cancer cells produce Cav-1, which promotes cancer cell viability and clonal growth under serum-free conditions by inhibiting apoptosis (51) . Cav-1 has been proposed to promote cancer progression and metastasis through multiple mechanisms, including promotion of cell survival (53) and migration (22) . Cav-1 also mediates integrin-dependent activation of extracellular signal-regulated kinase and focal adhesion kinase and promotes cell cycle procession (55, 56) . However, additional studies are required to clarify the role of Cav-1 in regulation of downstream apoptotic or survival pathways.
The present study provides evidence for the role of Cav-1 in cell anoikis and its regulation by ROS that has not previously been demonstrated. We found that, during cell anoikis, Cav-1 is downregulated and that such downregulation is crucial to the anoikis since ectopic overexpression of Cav-1 significantly inhibited cell anoikis (Fig. 2) . Furthermore, downregulation of Cav-1 by shRNA significantly increased cell anoikis (Fig. 2C) , supporting the above finding. Similarly, gene overexpression and knockdown experiments indicated the promoting role of Cav-1 in anchorageindependent cell growth (Fig. 8B) . The downregulation of Cav-1 in H460 cells is dependent on the oxidative status of cells. Inhibition of H 2 O 2 generation by CAT or NAC promoted the downregulation of Cav-1 as well as cell anoikis, whereas inhibition of hydroxyl radical and superoxide anion by NaF and MnTBAP had minimal effects (Fig. 4) . These results indicate the dominant role of H 2 O 2 in regulating Cav-1 expression and cell anoikis, which is substantiated by studies using exogenous ROS agents (Fig. 7) . To our knowledge, this is the first demonstration of the role H 2 O 2 in Cav-1 and anoikis regulation which may be important in the understanding of cancer progression and metastasis. H 2 O 2 is a rapidly diffuse molecule and known mediator of many cellular events including mitochondrial metabolism, inflammation, and cell growth and differentiation (3, 19, 50, 54) . Our finding adds to the growing list of the many diverse functions of this molecule in regulating cellular physiologic and pathologic events.
The mechanism by which H 2 O 2 regulates Cav-1 expression and cell anoikis was shown to involve inhibition of Cav-1 degradation via ubiquitin-proteasome pathway. Proteasomal degradation was previously shown to be the primary mechanism of Cav-1 downregulation after cell detachment (9) . In this study, we further demonstrated that such downregulation is dependent on the cellular level of H 2 O 2 . Inhibition of cellular H 2 O 2 by CAT or NAC increased ubiquitination of Cav-1 and reduced its expression (Fig. 5) . Furthermore, addition of H 2 O 2 , but not other ROS-generating agents, inhibited the ubiquitination of Cav-1 and increased its expression after cell detachment (Fig. 6) . Finally, we showed that H 2 O 2 also plays a role in anchorageindependent growth and colony formation of lung carcinoma H460 cells, which may contribute to their metastatic capacity. Inhibition of H 2 O 2 by CAT strongly inhibited anchorageindependent growth, whereas addition of H 2 O 2 promoted colony growth (Fig. 8A) . This result is consistent with previous studies showing the prosurvival role of subcytotoxic concentrations of H 2 O 2 and superoxide anion (11, 13, 42) . Since H 2 O 2 can be inhibited by compounds like NAC, which has been used in human mucolytic therapy and in many dietary supplements, this compound may potentially be used as a preventive or therapeutic agent against cancer. Indeed, anticarcinogenic and antimutagenic effects of NAC have been reported (36) . In addition, activities of NAC against cancer cell metastasis and invasion have been reported (1) .
In summary, we report a novel finding on the anoikisinhibitory effect of H 2 O 2 in human lung carcinoma H460 cells that is associated with the ability of H 2 O 2 to stabilize Cav-1 protein by preventing its ubiquitination and proteasomal degradation after cell detachment. Because sustained or elevated Cav-1 expression has been associated with anoikis resistance which is crucial to the survival of metastatic cancer cells, the results of this study could be beneficial to the understanding of cancer progression and metastasis.
